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Abstract. We report about design, fabrication and meas-
urement of the properties of multimode 1 x 2 optical planar 
power splitter. The splitters were designed with help of 
OptiCAD software using ray tracing method. The dimen-
sions of the splitters were then optimized for connecting 
standard Plastic Optical Fiber. Norland Optical Adhesives 
glues were used as optical waveguide layers and the design 
structures were completed by CNC engraving on 
Poly(methyl methacrylate) or Poly(methylmethacrylimide) 
substrate. The devices have the insertion loss around 
7.6 dB at 650 nm and the coupling ratio was 52:48.  
Keywords 
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1. Introduction 
Today the most important media for transmitting data 
are electrical lines, radio and optical fibers. Electrical lines 
are limited by the skin effect. The special feature of radio is 
that all users within a cell have to share capacity of the 
transmission. Extremely complicated behavior of the chan-
nel, which is a consequence of the multi-path propagation 
and resulting interferences, as well due to disturbance 
coming from external sources, has to be compensated by 
adaptive procedures. Compared with electrical lines and 
radio, optical systems offer much bigger capacity without 
any disturbance.  
While single mode optical fibers are currently used 
for long haul optical communication systems, multimode 
waveguides can be used for short-distance applications. 
Polymer waveguides with large core diameter (around 
1 mm) are utilized in short-distance communication for 
applications such as in automobile networks, private office 
and home networks. Due to the rapid widespread of the 
internet communication in the Fiber-to-the-Home (FTTH), 
automotive industry new photonics structures are strongly 
required [1]. 
Y-splitters belong to the most important optical pas-
sive structures. Y-splitter waveguides are used for distrib-
uting signals from one port to two (or more) output ports. 
In recent years, construction of a divider has been reported 
in various papers [2-6] but the core sizes of the reported Y-
dividers were mostly smaller than 100 µm [7]. Only 
a small number of the published papers described a planar 
optical splitter for multimode fiber with core diameters 
around 1000 µm. The first paper dealing with 1000 µm 
splitter was published by Takezawa in 1993 [8] and similar 
coupler was lately presented by the Institute for Micro-
technology Mainz in 2003 [9]. Other attempts to produce 
Plastic Optical Fiber (POF) splitters were presented also by 
Mizuno from the University of Sendai in 2005 and 2006 
[7], [10]. One of the last papers, which described planar 
multimode splitters, was published by Ehsan from the 
Institute of Microengineering and Nanoelectronics [11-13] 
and the last one by Park, coming from Honam Research 
Center, Electronics and Telecommunications Research 
Institute, appeared in 2011 [14]. 
In this paper we report about design and properties of 
the multimode 1x2 Y optical power planar splitters made 
of polymer waveguides. Our proposal is based on the 
design described in [11] and it is constructed for input and 
output standard POF waveguides. 
2. Design of Multimode Optical 
Splitters 
The splitters were proposed by using ray tracing 
method. The structures were drawn in CAD Creo ele-
ments/pro 5.0 software and then the modeling was done by 
using OptiCAD version 10.050. The structure of the de-
signed optical planar waveguide is shown in Fig. 1. 
We used two types of the UV photopolymer sup-
ported by Norland Optical Adhesives glues as optical 
waveguide layers (NOA73, NOA88) and two types of the 
substrates and cover layers made of Poly(methyl meth-
acrylate) (PMMA) supplied by Goodfellow Cambridge 
Ltd. or Poly(methylmethacry-limide) (PMMI) supplied by 
Evonik Industries AG.  
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Fig. 1. Schematic view on the multimode optical waveguide 
cross-section (nc = ns). 
Before the modeling we calculated geometrical di-
mensions of the splitter by analyzing what would give 
optimum waveguide taper length d (see Fig. 2) published 
by Beltrami [15]. It was shown that for a lossless Y-
splitter, the branching angle  was specified as: 
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where  is complimentary critical angle, given by the 
following relationship: 
 





  
f
sf
n
nn 22
1sin  (2) 
nf is the refractive index of the core waveguide material 
and ns is the refractive index of the cladding material. D is 
the normalized value and it is defined by the relationship: 
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where d is the waveguide taper length and  is the wave-
guide half-diameter ( = 2) [13], [15]. The geometrical 
structure of the designed optical multimode coupler is 
shown in Fig. 2. 
 
Fig. 2. Geometrical structure of the designed optical splitter. 
We also calculated dimensionless waveguide fre-
quency [9]:  
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where  is the operating wavelength,  is the width of the 
waveguide and NA is numerical aperture. The justification 
of using ray models is that the relationship given below is 
valid: 
 1V .   (5) 
Before the actual proposal and modeling the 
waveguide layer NOA73 and NOA88 were deposited on 
silicon substrate and the resulting refractive indices were 
measured by optical ellipsometry. We also measured re-
fractive indices of the PMMA and PMMI substrates. The 
obtained data (Fig. 3) were then used for calculation of 
geometrical dimension of the designed splitters (see 
Tab. 1.).  
 
Fig. 3. Refractive indices of PMMA, PMMI, NOA polymers 
measured by ellipsometry. 
 
Substrate  Core 
ns (-) nf (-) 
 
(nm) 
PMMA PMMI NOA73 NOA88 
     
532 1.4683 1.5335 1.5981 1.5686 
650 1.4830 1.5264 1.5908 1.5592 
850 1.4807 1.5205 1.5813 1.5521 
Tab. 1. Refractive indices of the layers obtained by ellipsome-
try that were used for design of the optical splitters. 
In Tab. 2 and 3, the parameters for the structure of 
PMMA/NOA73 and for the structure of PMMI/NOA88 are 
given, respectively.   
 
PMMA/NOA73 
 
(nm) 
 
( ) 
 
( ) 
d 
(mm) 
NA 
(-) 
V 
(-) 
      
532 21.56 10.78 2.72 0.59 6.1·106 
650 21.21 10.61 2.76 0.58 4.9·106 
850 20.55 10.27 2.85 0.56 3.7·106 
Tab. 2. Calculated dimensions of the optical splitters on 
PMMA substrate and with NOA73 core waveguide. 
After calculating the dimensions of optical splitters 
the modeling was performed using ray tracing method by 
Opticad software and the schematic view of the 3D model 
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PMMI/NOA88 
 
(nm) 
 
( ) 
 
( ) 
d 
(mm) 
NA 
(-) 
V 
(-) 
      
532 12.14 6.07 4.75 0.33 5.7·106 
650 11.77 5.89 4.90 0.32 4.6·106 
850 11.58 5.79 4.98 0.31 3.5·106 
Tab. 3. Calculated dimensions of the optical splitters on 
PMMI substrate and with NOA88 core waveguide. 
of the designed splitter is illustrated in Fig. 4a while 
Fig. 4b shows how the rays are scattered from the optical 
source through the designed and optimized structure of the 
splitter to the output waveguides. The figure also shows the 
rays that are not guided within the waveguiding layer but 
they are faded away into the substrate. In order to get the 
most accurate simulation but acceptable length of the 
process we used 106 rays. 
 
Fig. 4. a) Schematic view of the model of the designed split-
ters, b) view of the ray tracing diagram for 1x2 splitter. 
Fig. 5 shows view on the input (Fig. 5a) and output 
signals (Fig. 5b - output signal for the left waveguide, 
Fig. 5c - signal for the right waveguide) of the designed 
splitter (structure PMMA/NOA) for operating wavelength 
650 nm obtained by modeling Opticad software.  
 
substrate waveguide output power (µW) 
coupling 
ratio 
losses 
(dB) 
     
P1 8.59 PMMA NOA73 
P2 8.00 
52:48 2.22 
P1 8.68 PMMI NOA88 
P2 8.36 
51:49 2.16 
Tab. 4. Calculated output power for the coupler designed 
using Opticad software. 
 
Fig. 5. Detector image for the structure of PMMA/NOA73 for 
the wavelength of 650 nm, a) input signal, b) output 
signal for the left waveguide, c) output signal for the 
right waveguide. 
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In Tab. 4, the results found for wavelength 650 nm 
and input power 28 µW, the same power that was used also 
for the measurement, are summarized. 
3. Fabrication of the 1 x 2 Y Splitter 
The fabrication process of the designed optical 
splitters is shown in Fig. 6 step by step.  
 
Fig. 6. Fabrication process of the optical splitters, a) CNC 
machining into polymer substrate, b) inserting of stan-
dard POF waveguide, c) filling up taper region with 
core layer and applying UV curing process, d) assem-
bling top cover layer. 
The Y-groove for waveguide layer into PMMA or 
PMMI substrate was fabricated by using CNC NONCO 
Kx3 milling machine (milling tool size of 0.8 mm, spindle 
1800 rpm/min and moving 36 mm/min (Fig. 6a). Then we 
inserted standard POF waveguides (PFU-UD1001-22V) as 
the input/output waveguides into the groove (Fig. 6b). Next 
we filled up the taper region with NOA73 or NOA88 poly-
mer and applied UV curing process (Fig. 6c). Finally top 
cover PMMA or PMMI was placed onto the structures 
(Fig. 6d). 
4. Results 
Prior fabrications of the 1x2 splitter we deposited 
core waveguide polymer NOA73 and NOA88 by using 
spin coating onto quartz glass and then we applied UV 
curing. These samples have thicknesses of several microns 
and they were used to measure transmission spectra. We 
also measured transmission spectra of the PMMA and 
PMMI substrates and cover layers. The measurement 
proved that these polymer materials had suitable properties 
for fabrication of our designed splitters (see Fig. 7). 
 
Fig. 7. Transmission spectra of waveguide core NOA73, 
NOA88 polymer and PMMA, PMMI substrates and 
cover layers. 
The image of the fabricated structure is shown in 
Fig. 8. and Fig. 9. Fig. 8 shows a structure with Y-groove 
(picture without deposition core, waveguide layer and 
input/output POF waveguides) while Fig. 9 shows final 
structure with assembled POF input and output waveguides 
and NOA core waveguide layer. Parameters of the splitter 
were checked using optical microscope and the measure-
ment revealed that it had good optical quality and dimen-
sion of the fabricated structure corresponded to the size of 
the proposed splitters. Fig. 10 shows splitter transmitting 
the optical signal at wavelength of 650 nm. 
 
Fig. 8. Image of the 1x2 Y-groove substrate. 
Insertion optical loss measurements were done at 
532.8 nm (optical source Nd:YVO4 laser), 650 nm (laser  
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Fig. 9. Image of the 1x2 splitter fabricated from 
PMMA/NOA73 polymers with POF input/output 
waveguide. 
 
Fig. 10. Image of the 1x2 splitter transmitting the optical signal 
(650 nm). 
Safibra OFLS-5 FP-650) and 850 nm (laser Safibra OFLS-
5 DFB-850). The output light from the structures was 
measured by optical powermeter Anritzu ML910B with 
MA9802A probes. The schema of the measurement 
method is given in Fig. 11. The measurement starts with 
determining the optical power (Pin) coming from the source 
and passing though the reference POF fiber (Fig. 11.a) and 
then the power was measured separately for the left (Pout1) 
and right (Pout2) output branches of the splitter. 
The insertion optical losses were calculated from 
equation (6) and the obtained data are summarized in 
Tab. 5. 
 
in
outout
P
PP
L 21log10
 .   (6) 
The measurement of optical insertion losses proved 
that the sample deposited on the PMMA substrate with 
NOA73 core waveguide had optical losses 3.5 dB at 
532 nm, 7.6 dB at 650 nm and 8.3 dB at 850 nm while the 
sample deposited on PMMI substrate with NOA88 core 
waveguide had optical losses 4.5 dB at 532 nm, 13.2 dB at 
650 nm and 13.4 dB at 850 nm. 
The splitters were tested by signal transmission being 
connected to the internet network and using two optoelec-
tronic switches KCD-303P-A2 (KTI Networks). The 
schema of the measurement setup is shown in Fig. 12. We 
achieved the maximum possible transmission data rate, 
which provided computer network 60 Mb/s. 
 
Fig. 11. Set up for insertion optical loss measurement. 
  
losses 
(dB) substrate waveguide coupling ratio 
532 nm 650 nm 850 nm 
      
PMMA NOA73 49:51 3.5 7.6 8.3 
PMMI NOA88 52:48 4.5 13.2 13.4 
Tab. 5. Insertion optical losses of the splitters. 
 
Fig. 12. Set up for testing transmission of the optical signal. 
5. Conclusion 
We have designed, realized and measured properties 
of the multimode polymer splitters. The design was done 
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by ray tracing method using Opticad software. The materi-
als of the actual splitter were Norland Optical Adhesives 
glues (NOA73 and NOA88) as optical waveguide layers on 
PMMA or PMMI substrates and cover layer. The designed 
structures were then realized by CNC engraving and the 
waveguiding pattern was hardened by the UV radiation.  
The measurement of optical insertion losses proved 
that the best samples had optical losses 3.5 dB at 532 nm. 
Simulated values of optical losses were found to be around 
2.2 dB, but in that values the intrinsic losses coming from 
the material of the waveguide are not included. The meas-
ured coupling ration 52:48 was very similar to the simu-
lated one.  
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